Background Knowledge about the volume of collateral flow provides insight into the severity of coarctation of the aorta and may be critical in planning the operative approach. There is currently no method for the quantification of collateral flow in coarctation of the aorta. In this study, we applied velocity encoded cine magnetic resonance imaging (VENC-MR) to establish the flow pattern and volume of collateral flow in the descending thoracic aorta in normal subjects and patients with coarctation, introducing a new possibility to quantify the severity of the coarctation by determining the amount of collateral flow.
Background Knowledge about the volume of collateral flow provides insight into the severity of coarctation of the aorta and may be critical in planning the operative approach. There is currently no method for the quantification of collateral flow in coarctation of the aorta. In this study, we applied velocity encoded cine magnetic resonance imaging (VENC-MR) to establish the flow pattern and volume of collateral flow in the descending thoracic aorta in normal subjects and patients with coarctation, introducing a new possibility to quantify the severity of the coarctation by determining the amount of collateral flow.
Methods and Results VENC-MR was used to measure flow in the proximal and distal descending thoracic aorta in 10 normal subjects. In 23 patients with coarctation, flow was measured near the coarctation site and above the diaphragm.
Patients were divided into a group with moderate to severe coarctation and a group with mild coarctation on the basis of clinical gradient between upper and lower extremities and the estimation of the gradient across the coarctation by Doppler echocardiography. The gradient across the coarctation and the degree of anatomic narrowing were also assessed by MR imaging. In normal volunteers, VENC-MR showed a 7±6% decrease in total flow, from proximal to distal aorta. The interobserver reproducibility was 3.9% to 4.9% (mean, 4.4%).
In patients with moderate to severe coarctation, VENC-MR demonstrated an 83±50% increase in total flow from proximal to distal aorta, yielding a significant change compared with normal subjects (P<.01). Patients with mild coarctation showed a normal flow pattern and no significant change in total flow. There was a significant relation between the amount of flow increase in the distal aorta and the reduction in luminal diameter at the coarctation site (r=. 
Methods Magnetic Resonance Imaging Technique
A sagittal spin-echo sequence was used to localize the descending aorta and to prescribe the slices for the VENC-MR sequences. In normal volunteers, three slices were located below the region of the left subclavian artery, at a level just above the diaphragm, and midway between these two. In patients, the three imaging planes were prescribed at the coarctation site, 10 mm below the coarctation, and at a level just above the diaphragm ( Fig  1) . All imaging planes were positioned perpendicular to the direction of the blood flow, and the velocity encoding was performed in the slice selection direction, which was parallel to the direction of flow. For this purpose, an oblique section was prescribed that was perpendicular to the long axis of the aorta at each site. Because of the curvature of the descending aorta, various obliquities were used at the three sampling sites (Fig 1) . VENC 
Patients
Flow Pattern All patients with moderate to severe coarctation (group A) showed an increase in flow from the proximal to the distal descending thoracic aorta. The mean increase was 83±50%. The relation between systolic and diastolic contribution to total flow was 48±32% in systole and 52±38% in diastole. Fig 3 shows a typical flow curve in a patient with severe coarctation. The relation of systolic and diastolic flow in these patients was significantly different compared with normal subjects (P<.01) and with patients with mild coarctation (P<.01).
Seven of 8 patients with mild coarctation showed no increase in flow from the proximal to the distal descending thoracic aorta. One patient showed a 6% increase in flow. Fifty-nine percent of total flow was contributed in systole and 41% of flow in diastole. The correlation coefficient for the relation between the increase in flow from the proximal to the distal descending thoracic aorta and the clinical pressure gradient across the coarctation was .76 for gradients obtained with Doppler echocardiography and .80 for gradients measured by VENC-MR.
The amount of flow increase correlated significantly with the clinical gradient (r=.84, P<.05) (Fig 5) and the degree of anatomic narrowing at the site of the coarctation (r=.94, P<.05) (Fig 6) .
Interobserver Variability
The interobserver variability and SD for flow change in normal volunteers was 3.9±2.8%. For flow change in patients, the result was 4.2±3.1%, and the interobserver variability for the calculated MR gradients in patients was 4.9±3.5%. 
Discussion
This study has shown the ability of VENC-MR to measure flow in different parts of the descending thoracic aorta in normal subjects and in patients with coarctation of the aorta. MR imaging was able to calculate the amount of flow change from the proximal to the distal part of the descending aorta and thereby quantify the volume of collateral flow into the distal descending aorta.
The findings in normal volunteers show that there is a slight decrease in the flow volume from the proximal to the distal part of the descending thoracic aorta, probably as a result of blood leaving the aorta into the intercostal arteries. In patients with coarctation, this normal flow pattern is reversed to a variable degree. Patients with moderate to severe coarctation show an increase in flow from the proximal to the distal aorta. This increase is caused by the collateral flow entering the descending aorta via retrograde flow from the intercostal arteries.2,23 Therefore, determining the amount of flow increase from the proximal to the distal descending thoracic aorta provides a direct measurement of the volume of collateral blood supply to the lower part of the body. Because collateral blood flow develops only if the stenosis in the original vessel is significant enough to cause a lack of blood supply in the dependent part,24 the amount of collateral flow and therefore the amount of flow increase in the descending aorta should be an indicator of the hemodynamic severity of the coarctation. The strong correlation between this functional indicator of the severity and the degree of anatomic narrowing at the site of the coarctation supports this notion.
The present study also disclosed an alteration in the shape of the flow curve between normal volunteers and patients with severe coarctation. Whereas normal subjects and patients with mild coarctation distribute most of the blood flow during systole, patients with moderate to severe coarctation had a temporal shift of the flow curve to the diastolic phase of the cardiac cycle. There are two possible explanations for this phenomenon. This shift in flow curve could be a result of the increased time required for the blood provided by the collaterals to course through the intercostal arteries into the descending aorta. Conversely, this flow pattern in patients with moderate to severe coarctation appears similar to flow patterns obtained in stenotic peripheral vessels22 and could therefore be caused primarily by delayed transmission of flow through the stenosis in the proximal descending aorta itself. In our study, the flow curve below the coarctation showed the same shape as the one above the diaphragm in terms of diastolic contribution to total blood flow, although no collateral inflow is present at the higher location. This observation supports the latter mechanism as at least contributing to the temporal shift of blood flow to the diastolic part of the cardiac cycle. It should be recognized that the average age of the volunteers was two decades older than the average age of the patients with coarctation. The flow pattern described as normal in the present study may not be exactly characteristic of the normal aortic flow in young children as a consequence of alteration in aortic compliance and other factors that are known to occur during aging. Previous studies192' have shown the accuracy of VENC-MR techniques to measure flow in the aorta. This technique has been applied to measure flow changes in the ascending aorta and in the descending aorta in patients with coarctation.2' Additionally, VENC-MR has been used for the measurement of the volume of left-to-right shunts.22 Gradients across coarctation of the aorta,25 across Rastelli conduits,26 and across valvular stenoses18'9 have been measured by VENC-MR to define the peak velocity in the flow jet.
Although the gradients across the coarctation measured by VENC-MR and by Doppler echocardiography correlated clearly in the present study, both showed poor correlation with the clinical blood pressure gradient between the right arm and the right leg. This supports findings of previous studies that the gradient across the coarctation can be misleading in terms of severity of the disease.27 28This may be a problem in severe coarctation because the large amount of collateral blood flow entering the descending aorta raises pressure beyond the coarctation and may minimize the effect of the severe coarctation on distal aortic pressure. To support this theory, studies comparing Doppler gradients with morphological data in patients with coarctation have found poor correlation between the degree of anatomic obstruction and the pressure gradient, especially in patients with a large collateral supply. 28 Information about the amount of collateral flow is important for planning surgery. Depending on the quantity of collateral flow, surgery can be performed with cross-clamping alone (high amount of collateral flow), or additional techniques such as left heart bypass, internal shunt, or a jump graft may be applied to ensure proper blood flow to the lower part of the body.31 In addition, evaluating the flow in the descending aorta could be used to monitor patient outcome after corrective surgery.
Clinical application of this technique might be particularly useful in two clinical situations. First, the presence of collateral circulation might be used to verify the clinical impression that a coarctation is sufficiently severe to require surgery or angioplasty. Moreover, the adequacy of an angioplasty might be documented by reversion of the flow pattern to normal. Second, the absence of adequate collateral circulation defined before surgery would be useful in planning the surgical approach to minimize jeopardy for spinal cord ischemia. Limitations This type of evaluation of patients with coarctation could be compromised by partial volume errors caused by a very small size of the ROI in infants with tight coarctations, yielding unreliable measurements of flow at the area below the coarctation. Other limitations include patients with additional cardiovascular malformations, such as a patent ductus arteriosus, which would make it impossible to distinguish between left to right shunting and collateral flow into the distal descending thoracic aorta. Collateral flow entering below the level of the diaphragm cannot be measured by this method because the physiological outflow of blood through the celiac artery would prevent accurate measurements at a lower level. This leads to underestimation of the total volume of collateral flow. However, measuring the blood flow at the same location in all patients still provides sufficient data for defining characteristics indicative of hemodynamically significant coarctations.
Conclusions
This study demonstrates the effectiveness of VENC-MR for quantifying flow in the descending thoracic aorta in normal subjects and in patients with coarctation of the aorta. In patients with hemodynamically significant coarctation of the aorta, the normal flow pattern is reversed. The increasing volume of flow in the distal thoracic aorta in patients with moderate to severe coarctation represents the contribution to total flow made by the collateral circulation via the intercostal arteries, and this measurement may serve as an additional parameter for predicting the severity of the anatomic and physiological obstruction. It may also be used to detect a mismatch between the severity of the anatomic obstruction and collateral flow, which can be a central factor in planning the surgical procedure.
